Abstract
(POMBPW).However, dual coagulants i.e. ferric chloride-anionic polyacrylamide (APAM) 1 shows better performance than ferric chloride-polyDADMAC in terms of colour removal, pH, 2 with shorter sedimentation time. The addition of polymer to system not only reduces the ferric 3 chloride dosage, but also increases the colour removal of more than 20%. Comparison 4 between APAM and polyDADMAC as flocculant aids shows that APAM can achieve stable 5 removal at wider pH range and lowest sedimentation time at 20 minutes while polyDADMAC 6 was at one hour. Both dual coagulants were followed second order kinetic and APAM shows 7 the highest rate over polyDADMAC i.e. 3×10
-5 /PtCo.min and 2×10 -5 /PtCo.min respectively.
8
Addition of polymers reduced phytotoxicity of generated sludge and the sludge has potential 9 to be reused for land application.
10
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Introduction

15
Most of palm oil mills have to deal with their highly polluting wastewater that is known as 16 palm oil mill effluent (POME). This has led to the emergence of a new treatment technology 17 with environmental friendly approach. Palm oil mill has adopted anaerobic digestion system anaerobic bacteria. This renewable energy generated from this plant can be used to generate 21 electricity and can save tones of fossil fuel. However, the performance of biogas plant is 22 primarily depending on the bacteria that readily exist in the wastewater. This bacteria can be an important factor in choosing the most suitable coagulant for the process treatment.
4
Inorganic coagulants such as aluminum and iron salts are commonly used in water treatment.
5
However, they can alter the pH of the treated water, increase toxicity level and sometimes can 6 increase the wastewater colour, which can make secondary contamination (Mageshkumar and 
23
Over the years, the usage of dual coagulants (inorganic coagulant and polymer based The concern in accumulation of large amount of sludge from this process has led to finding 9 the best way to manage the sludge in economically and environmentally approach. To the best 10 of our knowledge, there were small amount of work in the literature concerning studies of 11 phytotoxicity from sludge generated through the coagulation-flocculation process alone. Most consuming due to the complicated preparation (Lin et al., 2013) . To the best of our 8 knowledge, there is no publication in the literature dealt with dual coagulants before in 9 POMBPW decolourisation.
10
In this study, the ability of various coagulants in removing colour of POMBPW was 11 investigated by various metal coagulants such as ferric chloride, calcium lactate, magnesium 12 hydroxide, and aluminium chlorohydrate. Then, the addition of polymers i.e. polyDADMAC 13 and PAMs as flocculant aids was studied. Last but not least, the coagulation kinetic order was 14 predicted and phytotoxicity test of the filtered sludge was carried out. 
Coagulation kinetics
16
The kinetics of coagulation process can be described as (Mageshkumar and Karthikeyan, 
where "C" is the total mass of particle per litre, "t" is the coagulation time, "k" is the nth order 20 coagulation rate constant, and "n" is the order of the coagulation process. The turbidity 21 concentration decrease as a function of increasing time (t), is represented as a negative sign in
22
Eq. (1).
During the coagulation process, the rate of removal of colour is proportional to the initial 1 colour concentration and amount of coagulant used. For a first order (n = 1) coagulation 2 process, the rate equation is shown as;
4 and the integral form is written as follows;
where "C o " is initial colour of the POMBPW in PtCo, "C" is final colour of the POMBPW at 7 time "t" and "k 1 " is the first order rate constant in (1/min). Eq. (3) shows that the plot of follows second order coagulation process (n = 2) which is shown as;
12 and the integral form is written as follows;
where "k 2 " is the second order rate constant in (1/PtCo.min). 
Materials
17
The biogas plant wastewater was collected from the Lahad Datu, Sabah. In this mill, the palm 18 oil mill effluent (POME) from the cooling pond is fed into three anaerobic digester tanks which are located in the biogas plant area. The coagulation process with various concentrations of metal coagulants solution ranging 4 from 500 -10,000 mg/L was conducted using a standard jar test equipment (Phipps & 
Physico-chemical analysis 1
The colour was analysed using V-650 UV/Vis Spectrophotometer (Jasco). The absorbance at 
Zeta potential 6
After sedimentation, the supernatant was filled in the capillary cell and inserted into the zeta 7 potential equipment's compartment with the weld line facing in front of the instrument. Zeta 8 potential was measured using a Malvern-Zetasizer Nano Series model ZS. Each sample 9 measurement was taken at least three times in order to obtain the best result. Finally, results
10
are obtained and the zeta potential ranges are evaluated based on different samples.
11
Supporting measurement of zeta potential permitted a more detailed study on the relation 12 between coagulants properties and treatment effectiveness (Shak and Wu, 2017). 
Germination index
14
The settled solids were filtered using a vacuum pump and dried using an oven. The dry solids oxide. The mixture was added to 25 mL of distilled water and mixed thoroughly together to 20 make a water-soluble extract. The extract was then analysed for its pH and conductivity.
21
Fifteen seeds were sown in a 5 mL of water-soluble extract in a petri dish. As a control, 5 mL ). Fig. 2c shows the treated pH and conductivity at different dosages by ferric chloride.
11
As the dosage increases, the treated solution pH decrease indicates that ferric chloride lower 
Effect of polymer type
15
Six types of polyacrylamide (PAM) with different charge and molecular weight were tested 16 and compared the performance in treating POMBPW as a flocculation aid. 
Effect of flocculant aids dosage 6
The study was extended by varying the polymer dosage from 0 to 10 mg/L for 7 polyDADMAC and APAM as the best dual coagulants combination. This study was with the specific concentration of ferric chloride used in this study. 
Effect of pH 1
The performances of dual coagulants were then tested at various pH as shown in Fig. 7 . Based 2 on the figure, it was found the colour removal by using ferric chloride-APAM doesn't show 3 significant changes from pH 6.0 to 10.0. As mentioned before, APAM acts as a "bridger" and 4 attaches the particles altogether during the flocculation process despite the changes of pH.
5
The destabilized particles aggregate into a large mass and settle fast. Similar finding was were recorded to achieve over 90% of colour removal at 180 minutes. However, for ferric 8 chloride-APAM combination, the removal was recorded with no significant change from 120 9 to 180 minutes since most of the flocs were already settled. The ferric chloride-APAM was 10 efficient in producing high density of flocs in this kind of wastewater which can settle fast.
Effect of sedimentation time
11
Therefore, it can be concluded that the optimum sedimentation time for this process was at 12 120 minutes as per recorded in this study. 14 In addition, the cost is reduced to 27% from the sole ferric chloride used and yet achieved 15 higher decolourisation.
16 Table 5 .Estimated costs to treat one m 3 of wastewater feed at the optimum dosages. 
Germination Index
8
Cabbage seed was used in germination tests due to it is one of the main highland vegetable The coagulation-flocculation process followed second order kinetic equation for both dual 7 coagulants. The kinetic rate constant for ferric chloride-APAM was found to be more than the results show both dual coagulants were phytotoxin free i.e. 91% and 137% for ferric chloride-
10
APAM and ferric chloride-polyDADMAC respectively, thus they have the potential to be 11 reused for land application in the future. 
